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A Seven-Junction Electron Pump:
Design, Fabrication, and Operation

Mark W. Keller, John M. Martinis, Andrew H. Steinbach, and Neil M. Zimmerman

Abstract—We have developed a seven-junction electron pump measurements over a range of pumping speed and temperature
for use in a new standard of capacitance based on measuring the have been described elsewhere [7]. Here we discuss several
voltage produced when a known charge is placed on a capacitor. gagign considerations, give details of the fabrication process,

This new pump, with an error per pumped electron of 15102, . .
is about 30 times more accurate than a five-junction pump made and describe our procedures for operating the electron pump

previously at NIST. By careful design of the pump geometry, we With high accuracy.
have reduced the effect of cross capacitance and simplified device

operation. Our fabrication recipe produces small, stable tunnel I
junctions relatively quickly and reliably. We have developed a

method of tuning the pump for highly accurate electron counting. We have made several refinements in order to make the

This tuning can be quickly repeated whenever fluctuations in pump easier to fabricate and operate. Most of the design
background charges degrade accuracy. considerations for the pump are also important for other SET
devices.

. Pump DESIGN

I. INTRODUCTION

T HE ELECTRON pump consists of a chain of metal isA. Capacitance Modeling
lands separated by tunnel junctions, with a gate electrodg, designing the pump, it is necessary to calculate the

coupled capacitively to each island [1]. Each island’s totghyacitances for various arrangements of metal film electrodes
capacitance is small enough that the Coulomb charging eneggy 5 substrate. We use a computer program to calculate the
required to add one electron is much larger than the thermalyacitance between all pairs of conductors in an arbitrary two-
energy at a temperature of about 0.1 K [2]. A sequence g{nensional pattern, assuming a dielectric constant that is the
voltage pulses applied to the gate electrodes manipulates fjgyage of that of the substrate and vacuum. Each conductor
Coulomb blockade and causes a single electron to tnRghgjsts of multiple panels, and we calculate the charge

through each junction in the chain, thus “pumping” ONgyqyced on each panel when one conductor is held at unity
electron through the device. Using the pump as an electiggiential and the others are held at zero. The program gives
counter, we can realize a primary capacitance standard fyn oximate results that are adequate for quickly exploring

pumping a known number of electrons onto a capacitor agthny possible designs. All capacitance values given in this
measuring the voltage that develops across the capacitor BRction were calculated using this program.

NIST is currently working to develop such a standard [4], [5].
A long-term _metrology goal is to comb_me the new capacitanese Stray Capacitance
standard with the calculable capacitor and the Josephson o
voltage standard to achieve a new measurement of the fing? order to maximize the Coulomb blockade and thus
structure constant [3]. minimize unwanted tunneling events, the total capacitance
The proposed capacitance standard requires pumpirgj Of €ach island in the pump must be small [2]. The island
electrons onto a 1 pF capacitor with an uncertainty in tf@pPacitance is determined by the junction capacitafie
number of electrons of:1. Thus the pump must have arfn€ gate capacitancéy, the stray capacitance to all nearby
error per pumped electron of about 10 The pump must cond_uctc_)rscstray,_and the self capacitance of the islafigly.
also have a small leakage rate when the gate pulses are tuf@@rication considerations restrict; to values larger than
off (the hold mode) so that the charge on the capacitor remar'?‘%omlo-2 fF & 50 nm x 50 nm junctions), and ?1” qther
fixed while the voltage is measured. In previous work [6], §&Pacitances should be made much smaller diao simplify
five-junction pump was operated with an error per electrdf€oretical analysis of the pumg’, can easily be made less
of about500 x 10=° and a hold time of about 10 s. Thethan 0.1C;. C.; can be made small be reducing the island
seven-junction pump described in this paper has an error [§€ t0 about lum. Csioy can be reduced by using a substrate
electron oft15x 10~9 and a hold time of about 600 s. AccuracyVith @ small dielectric constant. o
. . . The arrangements of islands and gates for the five-junction
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time, using the junction resistance to determine a new angle

Junctions = for the next evaporation until the target value is obtained. We
typically achieve the target resistance in one out of each set of
— Islands [— four devices and we can complete two sets in one day. Below
— = we describe the fabrication process in more detail.
—1 Gates = Large scale leads and bonding pads in 6 mim6 mm
lf &‘] patterns are fabricated on a fused quartz wafer using con-
) = ventional optical lithography and Au metallization. A bilayer
o m electron beam resist, consisting500 nm of the copolymer
) (b) poly(methylmethacrylate-methacrylic acid) ardl00 nm of

Fig. 1. Geometry of islands and gates for the (a) five-junction pump and tﬁgly(methylmethaprylate), is spun onto the wafer. The wafer
(b) seven-junction pump. The dual image from the two-angle evaporation$s theén coated withx10 nm of Au or Al, evaporated from

not shown for clarity. a resistively heated source, to provide a conductive layer.
A transparent protective tape is placed on the front side of
substrate withe = 3.75. With the geometry in Fig. 1(b), we the Wz_ifer before sawing it into individual chips. Eour chips
calculateCy & 0.02 fF, Cyipay ~ 0.06 fF, and Cep & 0.01 at_ a time are mounted on the stage_of a scanning electron
fF. The reductions ifCy, andCiey allow us to achieve the microscope with metal screws to provide elgctrlcal contact to
same total island capacitance with larger junctions which ci# front surface of each chip. All four chips are exposed

be fabricated more reliably and with better uniformity. with the same electron dose, stripped of the thin conductive
layer, and developed identically. One chip at a time is then

placed in an electron beam evaporation chamber on a room

. ] temperature stage whose angle to the source can be varied
The small distances between all the islands and gates:hiinuously. Before Al is deposited on the chig20 nm

Fig. 1 lead to significant cross capacitance which interfergg | s evaporated with the shutter closed and with 1.3 mPa
with the operation of the pump. When a voltage is applied {99 ,torr) of O, in the chamber. If this is not done, the junction
one gate electrode, the island nearest that gate is polarized Wiflistance often increases rapidly upon exposure to air at room
a charge, but significant polarization also occurs on ”e'ghb@émperature, becoming larger than a few megaohms in 1 to 3
ing islands. This cross-capacitance effect can be eIimina@gys' This phenomenon is not understood, but the use,of O
by electronically adding a fraction of the applied voltage, withring deposition of Al for small tunnel junctions has been
opposite polarity, to the ne|ghbor|_ng gates. When th_e fraCt'OF_@ported elsewhere [9]. The bottom and top Al layers are
are adjusted properly, though gain potentiometers in & SpeCi&o nm and~40 nm thick, respectively, and are evaporated
circuit described below, each island can be polarized separatgily, pressure of 0.1 to 0.3 mPa and a ratex®3 nm/s.

[6]. However, adjusting the gains for exact cancellation igefore depositing the top layer, the bottom layer is oxidized
difficult if the cross capacitance is too large. For the fivgy, 13 pa (100 mtorr) of @ for 5 min at room temperature.
junction pump [Fig. 1(a)], the capacitancg,, between each it these oxidation parameters, we find that a resistance per
gate and the nearest neighbor island was 40% of the dirfgiction of about 500 R corresponds to a junction capacitance
gate-to-island capacitanag,. The cancellation gains had 0of apout 0.25 fF. After liftoff in a beaker of acetone, only the
be carefully optimized for each pump devieesitu, which was eqges of the chip are touched with tweezers to avoid damage
a tedious process requiring about a half hour when done bygahe junctions from electrostatic discharge. Since the device
practiced operator. For the seven-junction pump [Fig. 1(b)} on an insulating substrate, touching a bonding pad often
the geometry has been changed to reddtg to 20% of gestroys the junctions even if the tweezers are connected to
Cg. With this design, finding the optimal cancellation gaing grounded metal plate below the chip. The resistance of
is much easier. Furthermore, the gains can be accuralfl§ seven junctions in series is measured using a handheld
predicted from a two-dimensional calculation of the cros$timeter with 1 MY in series with each lead. Completed

C. Cross Capacitance

capacitance and very littlie situ optimization is needed. devices are stored in a sealed box which is purged with dry
N,.
ll. PumP FABRICATION We use a scanning force microscope to obtain images of

We fabricate the pump using the standard technique of twépmpleted devices without any apparent damage to the tunnel
angle evaporation of Al though a mask patterned by electriictions. This allows us to avoid the time and expense of
beam lithography, with an oxidation step after the first lay&ooling down devices with fatal submicrometer flaws that
to form tunnel junctions where the two layers overlap [8gannot be detected with an optical microscope.

The angle between the evaporations determines the amount
of overlap and thus the area and capacitance of the junctions.
For fixed oxide thickness, junction capacitance is inversely
proportional to junction resistance, which is easily measuredEach device to be measured is mounted on a header con-
at room temperature. Our approach to making small junctiosssting of Au-plated pins epoxied into holes in a Cu base.
with a certain value of capacitance is to pattern identical maskke chip is attached to the header with grease and Al wire
on four chips and then evaporate junctions on one chip abands connect the pins to pads on the chip. The header plugs

IV. PuMP OPERATION
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Fig. 2. Schematic of the circuit used to study the pump. All components
except the needle switch are fabricated on a single chip. The plot shipws
versus time when pumpingte with a wait time of 4.5 s between electrons.

into Au-plated sockets soldered into a printed circuit board.
This system allows us to measure pump devices many times . | .
over long periods and to easily transfer devices between NIST _80 40 0 40 80
laboratories in Boulder, CO, and in Gaithersburg, MD. The V3 (mV)
printed circuit board is mounted in a Cu box attached to trllze i v Vo at ant ¢ bias showi ling of th
] . . . Ig. 4. Vp versusv,z at constant curren las showing cancelling o e
mixing (_:hamber of a dilution refrlgerator_. The base of thg .. Cappacitance. Top trace is with no cancellation, (&} = {17}.
header is clamped to the Cu box to provide thermal contagbttom trace (offset vertically) is after tuning the cancellation gains to the
All electrical leads entering the box are coaxial. The gate |leaeimal values.
are strongly attenuated and the other leads have filters for
radio and microwave frequencies [10]. A permanent magngt; applied to channelis transformed into the appropriate set
beneath the header forces the Al of the pump out of thg voltages{V/} that polarizes only island.
superconducting state.
The circuit used to study the electron pump is shown IR cross Capacitance Cancellation
Fig. 2. We give a brief description here; further details can .
be found in [7]. The pump is connected to an external island, | "€ voltageV,, across the pump at constant bias current
shown with heavier lines, whose voltagg is monitored by 'S fundamentally periodic in the charge on any island with
an electrometer [2] (also based on small tunnel junctions). @§"iod c. If each Vs polarizes only island;, thenV, is a
cryogenic switch, consisting of a needle on a magneticalFTiodic function of any/,;. The top trace of Fig. 4 shows that
controlled lever, contacts a metallic pad that is part of tHineNVys is swept without the cross capacitance cancellation
— ! i 1 H 1 1 i
external island. We close the switch to measure the currehtYe} = {Ve}), V; is not periodic, implying that/y; polarizes
voltage curve of the pump and the gain of the electromet&fOre than one island. After the 36 gain potentiometers of
We open the switch to detect intentionally pumped electroffi €ross capacitance cancellation circuit are systematically
or errors. The plot in Fig. 2 showk, versus time for thete adiusted [11]V, versus anyVy, is periodic, as seen in the
pumping mode in which one electron is repeatedly pumped BRIOM trace of Fig. 4 fol;;. This result clearly shows that
and off the external island. Each step of 7.8 corresponds we have cancelled the polarization on neighboring islands, as is
to a change in the island charge af necessary for accurate electron pumping. Starting from random
To operate the electron pump, we use custom electroni@lues of .the 36 potentiometers, the adjustment requirgs two
to perform four functions, as illustrated in Fig. 3. The puI58r threg lterations to converge. However, our capacitance
generator has a digital logic section which allows us to sgglculation program predicts gain values that are very close
various parameters such as the number of electrons pumﬁgoom'mal' thus only a brief fine-tuning is needed after setting

the direction of pumping, and the wait time between pumpé@e’ gains to the predicted values. Since the cross capacitance

electrons. The digital section controls a high speed analggfends only on the geometry of islands and gates, the

section which generates triangular voltage pulses on six out gstment of the gains is needed only the first time each
channels by charging and discharging capacitors. A dc bggwce is operated.

for each line can be adjusted to compensate for background )

charges on the islands of the pump, as described belddy.Background Charge Compensation

The pulses and dc biases are summed channel-by-chann@&ackground charges in the junction oxide or the substrate
to produce a set of voltagegl,} on the gate lines. The produce random island polarization charges of ordamhich

cross capacitance cancellation circuit performs>a ® matrix fluctuate slowly over time at low temperature. To compensate
transformation to create a set of voltagé§ }. When the cross these charges, dc biases on the gates are tuned so that the

capacitance gains are properly adjusted (see below), a voltaparge on each island in the absence of a gate pulse is much
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smaller thare. We adjust the dc biases for minimum pumping(4] A.F. Clark, N. M. Zimmerman, E. R. Williams, A. Amar, D. Song, F. C.

errors as follows. We operate the pump in the mode (as in Wellstood, C. J. Lobb, and R. J. Soulen, “Application of single electron
h lot in Eiq. 2 hf h h | tunneling: Precision capacitance ratio measuremeA{sgl. Phys. Lett.
the plot in Fig. 2) at a rate much faster than the electrometer vol. 66, pp. 2588-2590, 1995.

can respond (typically 5 MHz) so that the electrometer signgb] N. M. Zimmerman, “Capacitors with very low loss: Cryogenic vacuum-
is constant as long as there are no errors. An error causes a 93° ecapac't°r5'1EEE Trans. Instrum. Measwvol. 45, pp. 841-846,

sudden jump in the signal, corresponding to a changeiof  [g] 3. M. Martinis, M. Nahum, and H. D. Jensen, “Metrological accuracy

the average external island charge, which can easily be seen of the electron pump,Phys. Rev. Lettvol. 72, pp. 904-907, 1994.

: : - - 1 M. W. Keller, J. M. Martinis, N. M. Zimmerman, and A. H. Steinbach,
when the electrometer signal is displayed on an OSCIllOSCOpg. “Accuracy of electron counting using a 7-junction electron purdppl.

We then increase the bias on a given gate until the error phys. Lett. vol. 69, pp. 1804-1806, 1996.

rate increases noticeably, decrease the bias until the err§t G. J. Dolan, “Offset masks for lift-off photoprocessingippl. Phys.

: : . " Lett, vol. 31, pp. 337-339, 1977,
rate increases again, and use the average bias as the optialL® ‘B b Phecsinas. S, Han, K. Lin, W. Zheng, and J. E.

setting for that gate. The difference between the two settings Lukens, “Fabrication and characterization of single-electron transistors
where errors increase is typically @.&nd the repeatability =~ and traps,"J. Vac. Sci. Technol. Brol. 12, pp. 3619-3622, Nov.-Dec.

. . . . 1 .
of th_e 0pt|m<’?_‘| settings Is abOLﬁIO-OSB- The_adJUStment Qf [10] J. M. Martinis, M. H. Devoret, and J. Clarke, “Experimental tests for
all six gate lines takes about 10 min, so it can be quickly the quantum behavior of a macroscopic degree of freedom: The phase

repeated whenever changes in the background charges affect igfgzrfzggsaclrggi a Josephson junctioRflys. Rev. Bvol. 35, pp.

the pump accuracy. We find that the time between requirgd] we have developed an algorithm for adjustment of the gains that is
adjustments varies from less than one hour to tens of hours. straightforward to execute but difficult to explain briefly. The algorithm

The background charges appear to be more stable after a few and the circuit used to implement it can be obtained by contacting the
authors.

weeks at a refrigerator temperature of 35 mK to 200 mK thaip] N. M. Zimmerman, J. L. Cobb, and A. F. Clark, “Recent results and

shortly after cooldown. future challenges for the NIST charged-capacitor experimd&fZE
Trans. Instrum. Measwvol. 46, Apr. 1996.

V. CONCLUSION

The sevep-junc_tlon pump is a relatively easy-t_o-opera]t\%rk W. Keller reveived the B.S. degree in physics from Pacific Lutheran
cryoelectronic device that transforms electron counting fromgiversity, Tacoma, WA, in 1988, and the Ph.D. degree in applied physics

novel laboratory phenomenon into a reliable process suitalbten Yale University, New Haven, CT, in 1995.
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shown [7], the pump is close to the level of performancgoyider, co, from 1995 to 1996 and is currently a Research Physicist with
which would make a capacitance standard based on chargiwg group. His research involves fundamental processes in single-electron

a capacitor Competitive with existing standards. We be"e\y@neling devices and metrological applications of these devices such as a
. ) néw capacitance standard.
a better fundamental understanding of the error processes

will allow us to improve accuracy even further. Our future

research will involve a prototype capacitance standard and

working to make all components of the standard operate witbhn M. Martinis received the B.S. degree in physics and the Ph.D. degree
an imprecision near 1’03 Progress on individual Componentén physics from the University of California, Berkeley, in 1980 and 1987,

. L ectively.
and analysis of some of the remaining challenges are reF)Ori%ﬁ)pon completing a postdoctoral position at the Commisiariat Energie

elsewhere [4], [5], [12]. Atomic, Saclay, France, he joined the Cryoelectronic Metrology Group,
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